A B S T R A C T Acute renal artery stenosis in hydropenic dogs caused a contralateral increase in urine volume and free water clearance without change in glomerular filtration, renal blood flow, or osmolar clearance. The increase in urine volume was not dependent on the development of hypertension since it occurred in animals pretreated with trimethaphan but was dependent upon angiotensin since it was prevented with angiotensin blockade with Saralasin. The effect was not caused by angiotensin inhibiting antidiuretic hormone release since the polyuria occurred in hypophysectomized animals receiving a constant infusion of 10 uU/kg per min of aqueous Pitressin. Since the rise in urine volume was associated with an increase in renal vein prostaglandin E concentration and was prevented by pretreatment with indomethacin (5 mg/kg) the results suggest that the rise in plasma angiotensin after renal artery stenosis causes an increase in contralateral prostaglandin E synthesis with resultant antagonism to antidiuretic hormone at the collecting tubule.
INTRODUCTION
Although fine control of antidiuretic hormone (ADH)' release depends on change in plasma osmolality, nonosmotic factors are known to affect ADH secretion (1) . Baroreceptors in the carotid sinus (2) and left atrium (3) alter ADH secretion through activation of the autonomic nervous system. Thus, acute elevation of blood pressure with either norepinephrine (4) (5) or angiotensin (6) increases free water clearance by suppressing ADH secretion but whether a change in the sensitivity of the collecting tubule to ADH occurs with hypertension is not clear. Fisher has demonstrated in subjects undergoing a water diuresis that norepinephrine, in doses not changing glomerular filtration, reversed the effect of a vasopressin infusion (7) . One potential mechanism for such a change in tubular sensitivity to ADH would be an alteration in medullary prostaglandin E synthesis. Grantham and Orloff demonstrated in the isolated collecting tubule that prostaglandin E, in contact with the serosal side of the tubule antagonized the effect of vasopressin on water permeability (8) .
Since the renal medullary interstitial cells and collecting duct contain a high concentration of prostaglandin synthetase (9) - (10) , local synthesis of prostaglandin E (PGE) might affect collecting tubule ADH sensitivity. Angiotensin, norepinephrine, and renal nerve stimulation (11) are known to increase renal vein PGE concentration so it is possible that the water diuresis which occurs with these agents or maneuvers depends on both change in ADH secretion and in tubular sensitivity to ADH.
To investigate collecting tubule sensitivity to ADH during hypertension the effect of acute renal artery stenosis on contralateral renal function was studied in anesthetized hydropenic dogs. The results indicate that a contralateral polyuria develops after renal artery stenosis which is independent of ADH secretion and is caused by antagonism to the effect of ADH on the collecting tubule possibly induced by increased renal PGE synthesis.
METHODS
Mongrel dogs weighing from 15 to 25 kg that had been deprived of food and water for 18h were studied. The animals were anesthetized with pentobarbital (30-35 mg/kg) and given additional doses as needed during the experiment. An endotracheal tube was inserted and the dogs ventilated with a Harvard respirator. (Harvard Apparatus Co., Inc., Millis, Mass.) Polyethylene catheters were placed in both ureters through a suprapubic incision. A GoodaleLubin catheter was placed via one femoral artery into the' left ventricle for injection of radioactive muicrospheres labeled with either Sr", Ce 41, or Cr5l (3M Co., St. Paul, Minn.) and another catheter was inserted into the other femoral artery for pressure monitoring and blood sampling. (14) . Plasma PGE was determined by immunoassay with a method previously described (15 I  II  III  I  II  III  I  II  III  I  II  III  I  II  III   95 were given indomethacin, 5 mg/kg i.v., 1 h before the control period (Period I). 1 h after renal artery stenosis repeat studies were performed (Period II).
RESULTS
The results of all experiments are given in Table I . Group 1. 1 h after constriction of the left renal artery MAP had risen from 121±3 to 142±3 mmHg (P < 0.001) with significant increase in contralateral urine volume from 0.52±0.1 to 1.2±0.2 ml/min (P < 0.001). Urine osmolality decreased from 897±74 to 368±22 mosM/kg per H20 (P < 0.001), as free water clearance increased from -0.94±0.1 to -0.19 ±0.1 ml/min (P < 0.001). There was an increase in urinary sodium from 95±16 to 116±17 ueq/min (P < 0.01) but no rise in osmolar clearance, 1.46±0.2 before and 1.39±0.2 ml/min after renal artery stenosis. There was no change in renal blood flow; however, a small, but insignificant, decrease in glomerular filtration from 24 .9±1.7 to 22.3±1.9 ml/min occurred after induction of renal hypertension. The fall in GFR accounted for the unchanged osmolar clearance in spite of the significant natriuresis. Plasma renin activity increased in peripheral blood from 4.4±1.0 to 21.5 ±3.3 ng/ml per h (P < 0.001). Fractional cortical blood was unchanged in the contralateral kidney in Period I and II (Fig. 1) .
Group II. In animals receiving intravenous Arfonad there was no change in mean arterial blood pressure, 113+3 before and 109±3 mmHg after renal artery stenosis. However, plasma renin increased from 6.4±1.7 to 30.5±9.4 nglml per h (P < 0.005). The increase in urine volume was associated with a fall in urine osmolality from 835±65 to 425±21 mosM/kg per H20 (P < 0.005), rise in CH2O from -0.85+0.30 to -0.36+0.10 ml/min (P < 0.01), with no change in either osmolar clearance or urinary sodium. There was no change in contralateral renal blood flow or GFR during renal artery stenosis with Arfonad.
Group III. MAP increased from 130+4 to 155+4 mmHg (P < 0.01) with induction of renal artery stenosis (Period II) and fell significantly to 128±+4 (P < 0.001) with Saralasin (Period III) (Fig. 2) Fig. 3 . In this experiment after hypophysectomy Uosm fell over a period of 5-6 h to below 150 mosM/kg per H20 and urine volume increased to 4.5 ml/min. 10 uU/kg per min of vasopressin caused Uosm to rise to 700 mosM and urinary volume to decrease. After stenosis of the renal artery MAP rose from 120 to 158 mmHg and Uosm fell from 700 to 320 mosM/kg per H20 during the continuous infusion of Pitressin. In six similar experiments renal artery stenosis caused a rise in arterial pressure from 114±6 to 146±4 mmHg (P < 0.001) with a fall in Uosm from 722±46 to 480±28 mosM/kg per H20 (P < 0.005) and increase in urine volume from 0.48±0.10 to 0.76±0.15 ml/min (P < 0.01). Free water clearance increased from -0.55±0.05 to -0.32±0.04 ml/min (P < 0.005) without change in osmolar clearance, urinary sodium, GFR, or renal blood flow. When vasopressin was increased to 80 ,uU/kg per min in Period III, Uosm increased from 480±28 to 673±68 mosM/kg per H2O (P < 0.01) as urine volume decreased from 0.76±0.15 to 0.55±0.10 ml/min (P < 0.005) and CH2, decreased from -0.32±0.04 to -0.52±0.10 ml/min (P < 0.001). The antagonism to ADH was thus demonstrated with 10 ,uU/kg per min vasopressin but not with 80 ,uU/kg per min.
Group V. These animals were given indomethacin, 5 mg/kg i.v., 1 h before the control period. Renal artery stenosis caused a rise in blood pressure from 121±3 to 154±5 mmHg (P < 0.001) without significant change in urinary volume, 0.20±0.20 vs. 0.35±0.05 ml/min, or Uosm, 945±60 vs. 809±72 mosM/kg per H2O. There was a significant increase in urinary sodium from 15±3 to 38±4 ,ueq/min (P < 0.02) with no change in GFR or renal blood flow.
In eight dogs not treated with indomethacin, contralateral renal vein PGE concentration was determined before and 1 h after renal artery constriction. Control PGE was 0.7±0.1 which rose to 3.1 ±1.1 ng/ml (P < 0.01) after renal artery stenosis. In the animals treated with Indocin, renal vein PGE was 1.28±0. 34 (Fig. 4) . DISCUSSION (17, 18) and norepinephrine increases free water clearance in water loaded subjects despite infusion of vasopressin (7). Similarly when the rise in MAP induced by acute renal artery stenosis was prevented by Arfonad in Group II, no change in baroreceptor tone should have occurred, but Uosm fell and free water clearance increased. In contrast, Saralasin, a specific angiotensin inhibitor, returned both MAP and free water clearance to control (Fig.  2) . Although both Arfonad and Saralasin had a similar effect on MAP and presumably baroreceptor tone only Saralasin reversed the changes in urine volume and osmolality. This effect of Saralasin might have been due either to antagonism of an action of angiotensin inhibiting ADH secretion or to decreased collecting tubule sensitivity to ADH.
Some studies have suggested that angiotensin stimulates ADH secretion (19, 20) . However, intracarotid angiotensin was found to have no effect on ADH secretion in dogs subjected to nonhypotensive hemorrhage (21) and Cadnapaphornchai et al. were unable to demonstrate that intracarotid infusion of angiotensin altered free water clearance during either hydropenia or water diuresis in anesthetized dogs (6) . To eliminate angiotensin induced alterations in plasma ADH concentration Group IV dogs were hypophysectomized before clamping the renal artery. While the physiologic concentration of vasopressin in the dog is unknown, in man, Robertson et al., has suggested it may be as low as 2.8 pg/ml or approximately 1 ,uU/ml (22) . In hypophysectomized dogs 10 ,uU/kg per min was infused which was sufficient to increase Uosm to approximately 700 mosM/kg. Despite a continuous ADH infusion acute renal artery stenosis still produced a fall in Uosm and a rise in free water clearance. Such results cannot be explained by changes in circulating ADH concentration and antagonism to ADH must be occurring. This antagonism to ADH appears to be competitive since increasing the infusion of ADH to 80 ,uU/kg per min increased Uosm. Although hypotonic urine did not develop after renal artery stenosis in any of the six hypophysectomized dogs receiving 10 ,uU/kg per min of vasopressin it might have occurred if the dose of vasopressin had been reduced.
Hypertension is known to be associated with an exaggerated natriuresis during volume expansion (23, 24) , and in rats with Goldblatt or spontaneous hypertension transit time, and fractional water absorption through the loop of Henle is decreased (24) . With volume expansion hypertensive animals had a greater increase in urine volume, sodium excretion, osmolar clearance, and TCHZO which was felt to be caused by increased pressure in the medullary circulation decreasing sodium reabsorption in the loop of Henle. Such an explanation would not explain our results for several reasons. First, the increase in CH,O OCcurred without a change in osmolar clearance and without a rise in blood pressure in Group II which received Arfonad. In addition, in Group III the increase in sodium excretion persisted during the infusion of Saralasin (Period III) despite reversal of the changes in CH2O and Uosm. Finally, the dose dependency of the antagonism also argues against the effect being due to increased medullary pressure.
McGiff et al. first reported an increase in contralateral renal vein PGE concentration after renal artery stenosis by using a bioassay for PGE (25) . The rise we found in contralateral renal vein PGE after renal artery stenosis (Fig. 4) and the prevention of the diuresis with indomethacin makes increased PGE synthesis a possible cause of the ADH antagonism. The mechanism of angiotensin increasing PGE synthesis is not known but in cell cultures angiotensin stimulates acyl hydrolase which would increase the breakdown of arachidonic acid, the substrate for PGE synthesis, from medullary phospholipid (26) . The fact that base-line renal vein PGE concentration was not lower in the Indocintreated animals (Fig. 4) reflects the variability in renal vein PGE concentration in different animals presumably because of differences in base-line renal blood flow, renin secretion, or sympathetic nervous activity. In a larger group of Indocintreated animals a difference in base-line PGE concentration might have been demonstrated.
A change in prostaglandin synthesis could effect response to ADH by causing redistribution of renal cortical blood flow. In the anesthetized dog indo-methacin decreases inner cortical and presumably medullary blood flow (27) . A decrease in medullary blood flow could diminish solute washout increasing medullary tonicity and responsiveness to ADH. However, we found no change in either renal blood flow or cortical blood flow distribution after renal artery stenosis in the contralateral kidney (Fig. 1) . The dose dependency of the ADH antagonism also makes an effect based upon change in renal hemodynamics unlikely since 80 ,U/kg per min of Pitressin caused no hemodynamic change but increased Uosm (Group IV, Period III).
Since the hydro-osmotic effect ofADH depends upon activation of collecting tubule adenyl cyclase (28) PGE could alter sensitivity through change in concentration of cyclic AMP at the collecting tubule. In vitro beta adrenergic drugs increase and alpha adrenergic drugs decrease renal cyclic AMP generation but in the toad bladder an effect of catecholamines on water movement can only be demonstrated in the presence of vasopressin (29) (30) . Similarly the effect of PGE in both toad bladder and collecting duct may be due to inhibition of ADH activation of adenyl cyclase since PGE causes no inhibition of water movement induced by cyclic AMP (31) .
The failure to demonstrate a change in contralateral renal hemodynamics with an increase in plasma renin might also be due to increased PGE synthesis in the contralateral kidney. Angiotensin causes greater renal vasoconstriction in the prostaglandin-depleted animal (32) and there is evidence that tachyphylaxis to angiotensin is due to stimulation of PGE synthesis since it does not occur after prostaglandin inhibition (33) . Since the nonosmotic stimuli which stimulate ADH release, i.e., diminished effective plasma volume, also increase renin secretion the teleologic significance of angiotensin increasing PGE synthesis with antagonism to ADH is unclear but PGE may be important in preventing the renal vasoconstrictive effect of angiotensin in high renin states.
This relationship between angiotensin, PGE, and ADH may have relevance to other studies of sympathetic function and free water clearance. In the dog, Schrier and colleagues (34) , demonstrated an antidiuretic effect of isoproteronol only when the drug was given systemically and no effect in hypophysectomized dogs. They interpreted their results to indicate that the antidiuresis of beta adrenergic stimulation was mediated by increased ADH secretion in response to an alteration in systemic hemodynamics. Similarly, norepinephrine did not cause a diuresis in hypophysectomized dogs receiving 80 ,uU/kg per min of vasopressin which seemed to indicate that the effect of norepinephrine on free water clearance was mediated through altering ADH secretion (35) . However, norepinephrine (36) , angiotensin, and renal nerve stimulation (36) are all known to increase PGE synthesis and, as we have found, an infusion of 80 ,uU/kg per min of vasopressin may block the demonstration of ADH antagonism. Similarly, an effect of angiotensin, norepinephrine, and renal nerve stimulation on collecting tubule sensitivity to ADH may not be detected if the renin-angiotensin and sympathetic nervous systems are stimulated during the control period. Several studies of the effect of angiotensin and norepinephrine on ADH sensitivity have been conducted during supra renal clamping of the aorta, which maintains consistency of renal perftision pressure but raises control renal renin and PGE synthesis. Elevated controlled PGE synthesis might make a further increase during experimental maneuvers difficult to detect.
In contrast to the ADH antagonism which develops acutely with renal artery stenosis, in clinical states associated with hypertension and high plasma renin, i.e., malignant hypertension or renal artery stenosis, hyponatremia is frequently present (37) . This would imply greater sensitivity or increased secretion of ADH in those conditions. Decreased medullary PGE synthesis has been reported in rats after chronic unilateral renal artery stenosis (38, 39) and conceivably the increase in renal PGE synthesis with acute renal artery stenosis is not sustained with chronic stimulation. If PGE medullary depletion occurs during renal hypertension increased sensitivity to ADH might occur with resultant hyponatremia. The effect of chronic or acute hypertension in man on renal meduillary PGE synthesis is unknown. Stuidies utilizing urinary PGE determinations in various clinical settings might help elucidate these qcuestions.
